The growing application of fluorine in pharmaceuticals, agrochemicals and materials^[@ref1]^ has stimulated wide interest in fluorination methodologies.^[@ref2]^ Because alkenes are one of the most important functionalities, finding a broadly applicable alkene hydrofluorination protocol is of fundamental importance in the preparation of fluorinated compounds. The direct hydrofluorination of alkenes using hydrogen fluoride (HF) reagents is the most straightforward and atom-economical protocol. Pioneering work by Olah and co-workers accomplished the direct hydrofluorination of alkenes using pyridine-HF ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}a),^[@ref3]^ but this method only worked for limited functional-free alkenes, such as isobutene and cyclohexene, and it required using a large excess of pyridine-HF (as solvent). Later, Thibaudeau and co-workers reported an HF-based superacid system (HF/SbF~5~) to prepare β-fluoroamines ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}b) from allylic amines.^[@cit2f]^ Despite its great importance, the direct and widely applicable hydrofluorination of alkenes remains a synthetic challenge. To overcome the narrow scope and other limitations of direct hydrofluorination, several formal hydrofluorinationprotocols were developed using combinations of electrophilic fluorination reagents/reductants mediated by transition metals ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}c--e). For example, Boger and co-workers developed a Fe(III)/NaBH~4~/Selectfluor fluorination system via a free-radical mechanism.^[@cit2h]^ Hiroya and co-workers reported a cobalt/silane/N-fluoropyridinium system for mono- and α,α′-disubstituted alkenes ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}d).^[@ref4]^ Gouverneur and co-workers developed a palladium-catalyzed hydrofluorination of aryl alkenes through sequential H^--^ and F^+^ additions ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}e).^[@cit2g]^
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The aforementioned methods led to new reactivity pathways and solved many problems associated direct hydrofluorination; however, these methods have limitations such as low atom-economy and low functional group tolerance caused by using of strong reductants (such as NaBH~4~) and/or strong oxidants (such as Selectfluor). We herein report a metal-free, alkene hydrofluorination protocol using an easily handled, liquid HF complex that relies on an unprecedented bifunctional HF activation mode and shows unmatched scope and functional group tolerance ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}f).

Whereas a widely applicable direct alkene hydrofluorination has been hitherto elusive, the hydrochlorination or hydrobromination of alkenes are classic textbook reactions^[@ref5]^ with wide applications.^[@ref6]^ We conjectured that the shortcomings observed in hydrofluorination were caused by the acidity of HF (p*K*~a~ = 3.2), less than that of HCl (p*K*~a~ = −8.0) or HBr (p*K*~a~ = −9.0), which is not strong enough to activate functionalized alkenes. Furthermore, HF is a toxic and corrosive gas at room temperature, and that is the reason why organic bases (or hydrogen bond acceptors) like Et~3~N,^[@ref7]^ pyridine^[@ref3],[@ref8]^ or DMPU^[@ref9]^ are used to complex with HF, condensing it into a liquid solution and easing its handling. However, these bases or hydrogen bond acceptors reduce the acidity of HF even further. A good hydrogen bond acceptor (HBA) is bound to complex with HF and form a liquid solution but common organic bases, or neutral H-bond acceptors, will reduce the acidity of the system. To address this acidity/HF condensation conundrum, we proposed a multifunctional activation strategy capable of generating a liquid phase HF reagent that features both, high acidity and high fluoride nucleophilicity. Toward this end, we looked for a highly "acidic" hydrogen bond acceptor and chose an inexpensive and readily available inorganic salt, potassium bisulfate (KHSO~4~) ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}a).
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The bisulfate anion exhibits a bifunctional behavior: its −OH terminus is strongly acidic (*p*K~a~ = 1.9) and its ionic −O^--^ K^+^ terminus is a strong hydrogen bond acceptor. Thus, KHSO~4~ can form a hydrogen bond network with multiple molecules of HF. This hydrogen bonding interaction achieves two aims: (i) it condenses gaseous HF and forms a stable liquid at room temperature; (ii) it enhances the nucleophilicity of HF.^[@ref10]^ Specifically, in the hydrofluorination of alkenes ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}b), we postulate that the acid terminus activates the alkene substrate while the H-bond acceptor terminus directs the nucleophilic attack of HF toward the acid-activated alkene, thereby accomplishing high acidity/high nucleophilicity and HF condensation simultaneously.

We found that KHSO~4~ formed a stable liquid at room temperature with unexpectedly large amounts of HF (up to 13 molecules of HF per molecule of KHSO~4~). This HF mole content is higher than that of any commercial reagents, including Olah's reagent (pyridine-9HF) and our previously reported DMPU-12HF.^[@ref9]^ The high HF affinity of KHSO~4~ could be rationalized using Hunter and co-workers' recently reported H-bond scale (parameter β).^[@ref11]^ In this scale, the hydrogen bonding basicities of anionic species were found to be significantly higher than those of neutral organic HBAs ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}c). Hydrogen bond basicity (measured by β) of HSO~4~^--^ is comparable to the best neutral HBA, such as R~3~PO, and is higher than that of DMPU.^[@ref9],[@ref12]^ An additional advantage of KHSO~4~ is its low cost, ready availability and easy removal in aqueous workup. So, we consider MHSO~4~-HF (M = alkali metals or ammonium) as the ideal next generation nucleophilic fluorination reagent ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}d). Indeed, KHSO~4~-HF is stable and can be easily handled at room temperature (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b12704/suppl_file/ja7b12704_si_001.pdf) for more information). KHSO~4~ itself is a strong acid, and the acidity can be further enhanced by HF hydrogen network ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}a).

We used the hydrofluorination of alkene **1a** as our model reaction ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). As expected, Olah's reagent (pyridine-9HF, HF 70 wt/wt %) failed to give a product ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1), and the more acidic DMPU-12HF (HF 65 wt/wt %) reagent gave only trace amounts of hydrofluorination product **2a** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 2). To our great satisfaction, our new nucleophilic fluorination reagent, KHSO~4~-13HF (HF 68 wt/wt %), produced **2a**, albeit in moderate yield ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 3). The K~2~SO~4~-14HF complex ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 4) was less effective: a larger excess of HF was present and an extended reaction time was needed. This result underscored the importance of our bifunctional activation strategy. The yield of the product was improved using 1,2--dichloroethane (DCE) as solvent ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 5). We also prepared an HF complex with lower HF content (KHSO~4~-8HF), but its reaction was slower compared with KHSO~4~-13HF ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 6). The HF complex of another bifunctional salt, KH~2~PO~4~, was also investigated but it gave no conversion ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 7). This result demonstrated that the acidic terminus of KHSO~4~ plays a crucial role in the addition of HF. Of all the solvents screened ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 8--13), toluene and DCE showed similar satisfactory results, but we selected DCE because of improved substrate solubility. The reaction in other solvents did not give a good conversion even after extended reaction times. Extending the reaction time to 2 h in DCE further improved the yield to 83% ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 15).

###### Reaction Condition Optimization of Hydrofluorination of Alkenes[\*](#t1fn1){ref-type="table-fn"}
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  entry   solvent   HF complex (**A**-*x*HF)   conditions        **1a**/**2a** (%)[a](#t1fn2){ref-type="table-fn"}
  ------- --------- -------------------------- ----------------- ---------------------------------------------------
  1       DCM       Pyridine-9HF               0 °C--rt, 0.5 h   100/0
  2       DCM       DMPU-12HF                  0 °C--rt, 0.5 h   96/4
  3       DCM       KHSO~4~-13HF               0 °C--rt, 0.5 h   57/43
  4       DCM       K~2~SO~4~-14HF             0 °C--rt, 18 h    84/16
  5       DCE       KHSO~4~-13HF               0 °C--rt, 0.5 h   29/71
  6       DCE       KHSO~4~-8HF                0 °C--rt, 0.5 h   58/32
  7       DCE       KH~2~PO~4~-9HF             0 °C--rt, 0.5 h   100/0
  8       dioxane   KHSO~4~-13HF               0 °C--rt, 0.5 h   100/0
  9       Et~2~O    KHSO~4~-13HF               0 °C--rt, 0.5 h   100/0
  10      CH~3~CN   KHSO~4~-13HF               0 °C--rt, 0.5 h   100/0
  11      EtOAc     KHSO~4~-13HF               0 °C--rt, 0.5 h   100/0
  12      DMSO      KHSO~4~-13HF               0 °C--rt, 0.5 h   100/0
  13      DMF       KHSO~4~-13HF               0 °C--rt, 0.5 h   100/0
  14      toluene   KHSO~4~-13HF               0 °C--rt, 0.5 h   26/74
  15      DCE       KHSO~4~-13HF               0 °C--rt, 2 h     3/83

Reaction conditions: **1** (0.2 mmol), HF complex (1 equiv based on the complex **A**-*x*HF, equivalents of HF is *x*), solvent (0.2 mL), 0 °C to rt.

GC--MS yield.

After establishing the optimal conditions for the hydrofluorination of alkenes, we explored the scope of this protocol ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). First, we investigated the fluorination of monosubstituted alkenes ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}a). As shown in ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}a), a wide range of functional groups such as esters (**2a**, **2b**), sulfonate (**2c**), amides (**2d**, **2e**, **2f**), ethers (**2g**, **2h**, **2i**, **2j**), nitro (**2g**), nitrile (**2i**), aldehyde (**2j**), amine (**2h**), and alkyne (**2r**, **2s**) were well tolerated. Also, alkenes with various heterocycles such as quinoline (**2k**), furan (**2l**), thiophene (**2m**), pyrrole (**2n**) and thiazole (**2o**) also gave good to excellent yields.

###### Scope of Hydrofluorination of Alkenes[\*](#t2fn1){ref-type="table-fn"}
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Conditions A: alkene **1** (0.2 mmol), KHSO~4~-13HF (1 equiv), DCE (0.2 mL), 0 °C to rt, 2 h. Conditions B: alkene **1 (**0.2 mmol), KHSO~4~-13HF (0.5 equiv), DCE (0.6 mL), 0 °C to rt, 2 h. Conditions C: alkene **1** (0.2 mmol), KHSO~4~-13HF (0.5 equiv), DCE (1 mL), 0 °C to rt, 2 h.

rt, 15h.

50 °C, 2 h.

rt, 15h.

2 equiv of KHSO~4~-13HF was added.

1.5 equiv of KHSO~4~-13HF was added.

Isomer ratio = 6:1.

Neat reaction, 30 min, NMR yields.

Reverse addition: substrate solution was added to KHSO~4~-13HF reagent.

When this protocol was applied to more reactive disubstituted alkenes, we needed milder conditions, that is, more dilution (0.3 M) and less equivalents of KHSO~4~-13HF (conditions B) ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}b). Acceptable to good yields were observed withheterocyclic substrates like pyridines (**2u**, **2v**), indazoles (**2w**, **2x**) and benzotriazoles (**2y**, **2z**). A 1.5 equiv of KHSO~4~-13HF was needed for full conversion, possibly because the basicity of these substrates neutralizes the acidity of the system, and therefore, more KHSO~4~-HF is needed to compensate it. Because disubstituted alkenes are commonly found in natural products, we screened natural products featuring various functionalities. We found that a natural product with a secondary alcohol, such as (−)-dihydrocarveol, tolerated the acidic reaction conditions and gave a moderate yield of the product ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}b, **2aa**). Nootkatone, possessing an α,β unsaturated ketone moiety, and perillic acid, exhibiting a carboxylic acid moiety, also gave products **2ab** and **2ac**, respectively, in good yields. Similarly, 1,2-disubstituted substrates gave the regioisomeric products **2ad**, **2ae** in good yields.

The reaction of KHSO~4~-13HF reagent was also investigated with the more reactive trisubstituted alkenes ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}c). The reaction concentration needed to be diluted further to 0.2 M to avoid the decomposition of the products (conditions C). The reaction of geranyl benzoate showed good chemoselectivity, with the more electron-rich double bond participatingin the hydrofluorination (**2ah**). We found that the cyclopropane motif remained intact after the reaction with ethyl chrysanthemate(**2ai**). Reaction with (−)-β-citronellol, which bears a primary alcohol functionality, also gave a good yield of the product **2aj**. It is worth noting that our reagent exhibited very high and predictable chemoselectivity. In general, electron rich double bonds were more reactive (see **2ab**, **2ac**, **2ad** in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}b). Dienes **1p**, **1q** and **1ah**, whose two double bonds are located in very similar environments, underwent hydrofluorination selectively ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}d). We calculated the HOMO of the starting alkenes and found that it correctly predicted the chemoselectivity in each case. The hydrofluorination always occurred at the double bond bearing higher HOMO orbital density ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}d). This reagent was employed in a gram-scale hydrofluorination of (−)-β-citronellol. As shown in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, 1.02 g of the fluorinated product **2aj** was obtained (83% yield). It also showed good reactivity in the Prins reaction^[@cit12g]^ ([eq [2](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) and the fluorination of alcohol ([eq [3](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}).

In summary, we have developed a new generation HF reagent that is not only inexpensive and easily handled but is also highly efficient for the hydrofluorination of various highly functionalized alkenes. The excellent functional group tolerance, exclusive Markovnikov addition regioselectivity and high atom economy may facilitate the preparation of other fluorinated products at both the lab and industrial scale. For example, the reagent is a high activity fluorinating agent that could be recycled after regeneration by HF itself or HF generated at the time of use by other means, thereby minimizing HF storage. The reagent is an inherently safer means of storing HF and the bifunctional salts can be used as HF sequestering agents in an emergency. The reagent may also be a safer and easier-to-handle alkylation catalyst and etchant. Work on further applications for this new HF reagent is currently underway in our laboratory.
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